A real-time heat transfer model has been developed for dynamic control of continuous casting billets. In order to fulfill the real-time requirements for efficiency and accuracy, finite volume method (FVM) and alternating direction implicit algorithm (ADI) have been selected as the efficient numerical solution algorithm. And most important of all, variable non-uniform grid and variable time step have been adopted in the algorithm, accelerating the calculation of heat transfer model by 20-40 times. Further, the algorithm's discretization parameters including the grid, time step and slice distance have been optimized by error control (< 3°C), improving the relative calculation time to 0.57. The real-time model has been calibrated by surface temperature measurements using a thermal infrared imager, and its online performance has been tested, within ±13°C of the measurements. After the calibration, the model has been applied to the dynamic control of secondary cooling and the dynamic control of the electric current of final electromagnetic stirring (FEMS), providing the surface temperatures and mushy zone radius at the installation position of FEMS. The latter has been validated by shell-thickness measurements using nail-shooting (relative error< 2.3%). The model-based dynamic control systems controlled the surface temperatures and the flow in mushy zone precisely with changing casting conditions, and have improved the billet quality obviously and reduced the fractures of rolling line during wire-drawing to 1/6 times per month in average from 2-3 times before.
Introduction
In the continuous casting of steel, dynamic control of heat transfer and solidification process are of central importance to produce high-quality billets, due to the frequent variation of casting temperature and casting speed during the process. Conventional dynamic control systems based on hardware sensors have not been successful yet because the harsh environment with steam, dust and high-temperature makes it difficult for the hardware working reliably for long time, so recent dynamic control systems have been developed based on real-time models. Among these models heat transfer model is the most fundamental, playing an import role to improve the cooling systems and process control.
In recent years, many mathematical heat transfer models for continuous casting have been developed. However, most of the models [1] [2] [3] [4] [5] are developed for caster designing or operating parameters optimizing and can only simulate casting conditions offline, due to the limit of efficiency and accuracy. And most real-time models are designed for slabs, [6] [7] [8] [9] one dimensional in each transverse cross section, and not valid for billets. Real-time models for billets can rarely be found in the literatures.
In this paper, a real-time two-dimensional heat transfer model has been presented for continuous casting billets. To fulfill the requirements concerning both efficiency and accuracy for online application, a real-time algorithm has been developed. In the algorithm, the heat transfer model is discretized by finite volume method (FVM) and solved by alternating direction implicit algorithm (ADI). And most important of all, variable non-uniform grid and variable time step has been adopt in the algorithm, greatly improving the real-time. Further, the algorithm's discretization parameters have been optimized by error control, improving both the real-time and accuracy.
The online model has been applied to the dynamic control of water flow of secondary cooling zones and the dynamic control of electric current of final electromagnetic stirring (FEMS) after the calibration by a thermal infrared imager. The online model provides the feedback surface temperatures and the mushy zone radius at the installation position of FEMS; the latter has been validated by nail-shooting. The model-based dynamic control systems have greatly improved the quality of billets and reduced the fractures of rolling line during wire-drawing. © 2014 ISIJ (b) Heat conduction in the casting direction is quite small compared to the cross-sectional direction and can be ignored; (c) The latent heat during solidification can be converted into an equivalent specific heat (c=ceff=dH/dT); Then the equation takes the following form:
........... (1) where T is the billet temperature, t is the time, x, y are the coordinates. It is assumed that thermal properties ρ, ceff and keff are functions of T and of steel components. [10] [11] [12] Considering the symmetry, one quarter of the billet slice (transverse cross section) is selected to be the calculation domain. Each slice starts at the meniscus (assumed flat) and moves along the strand through the mold, secondary cooling zones (SCZ) and the air cooling zone sequentially.
The initial condition for each slice has been assumed to be the same as the casting temperature: Moving down from the meniscus, each slice experiences the boundary conditions specified as followings: (a) In the mold, a type of decreasing heat flow due to air gap forming has been considered: 13) . In Eqs. (3), (5) and (6), A, B, αi's and Ci's are machinedependent parameters.
Numerical Solution Algorithm for Real-time
FVM and ADI are selected to be the efficient numerical solution algorithm for Eqs. (1) through (7), which define a two-dimensional partial differential equation problem with determining solution. Numerical solution can be obtained by either finite element method 15) or finite volume method. 16) In FEM, the partial differential equation is transformed to algebraic equations in matrix form and that makes it more difficult to solve the problem in time due to the time consumption of huge memory allocating and large calculation amount. Relatively, according to the calculations, FVM is 10-20 times faster than FEM, and the deference between the calculations of them is quite small, within ±4°C, as shown in Fig. 1 . In FEM, sparse matrix and Gauss-Seidel method have been used. And in FVM, the ADI algorithm 17) has been adopted. Figure 2 shows the comparison between the ADI algorithm and the explicit algorithm. When the grid division is fine enough, and the time step is small enough to keep the cal- culations stable, there are tiny differences between them in accuracy and efficiency. But explicit algorithm is too sensitive about stability while ADI algorithm is much more stable, as shown in Table 1 . So ADI has the great advantage to use much larger time steps to shorten the calculation time.
The programs are running on a PC with i5-2400CPU and the sample time is 5 s, with fixed time steps. The time step is 0.01 s for FVM-ADI and 0.005 s for FEM and the explicit algorithm, considering in the ADI algorithm each time step dt is separated to two dt/2 steps.
Variable Non-uniform Grid and Variable Time
Step for Real-time For online application of the model, the numerical algorithm must fulfill the following requirements: (1) The calculation must be fast enough using a process computer, equally, the relative calculation time (calculation time/sample time) must be much smaller than 1 for there are other tasks to be executing like communicating with PLC (Programmable Logic Controller), post processing, and process controlling and etc.; (2) The calculation must be sufficient accurate.
The calculation time is determined by the number of difference equations when the program is running on a certain computer. In the FVM-ADI algorithm, the difference equations are obtained by the integration of the finite volume and time span from t to t+Δt:
So the number of difference equations is further determined by grid division, time step and number of slices. In one sample period ts, the total number of slices to be calcu (10) where tp is assumed to be a const depended on the computer and the program designed, meaning the average calculation time for each difference equation. And the rest in the right hand of Eq. (10) is an estimation of the number of difference equations to be solved per second. It depends on the grid divisions and time steps.
According Eq. (10), the requirement for calculation time can be fulfilled by using coarse grid division and large time step, but this reduces the accuracy. To balance the efficiency and accuracy of the algorithm, the grid divisions are to be determined by the gradients of temperature field to reduce the discretization error: lager is the temperature gradients, denser is the grid division. Figure 3 shows the temperature field in deferent positions in the strand. The boundary heat flow is the primordial driving force affecting the temperature gradients, for the boundary heat flow inside the billet is tending to coordinate with the outside. The heat flow along the casting direction is presented in Fig. 4 .
Considering the heat flow along the casting direction, the calculation length is divided into a sequence of calculation zones, as shown in Fig. 5(a) . In different calculation zones, the grid divisions are different. Considering the temperature gradients, the grid divisions become gradually coarser along the casting direction, as shown in Fig. 5(b) . The grid divisions take the same pattern and the grid division can directly derive from the upward neighbor calculation zone by node to node. According to the gradients of temperature filed, non-uniform grid division is also adopted: closer to the boundary, denser are the grid divisions. The grid divisions close to the center of slice are also fined to keep high accuracy for the calculations of center nodes. 
There are two methods for the inheritance of temperature filed from upward calculation zone to the current one. One is based on the energy conservation and the other is by node to node directly. The comparison of accuracy between these two methods is shown in Fig. 6 . There are tiny difference between them, but the latter one is easier to program.
Variable time step are also adopted. The time steps are doubled as the grid divisions changing in the interface between two neighbor calculation zones.
By using the variable non-uniform grid division and variable time step, the algorithm has accelerated the calculation by 20-40 times, comparing with the algorithm using fixed uniform grid division and fixed time step and the relative calculation time is reduced to 0.86 when the finest grid division is 80×80 and the finest time step is 0.01 s, as shown in Fig. 7 . The related caster parameters are list in Table 2 . 
Optimization of Discretization Parameters for
Improving Real-time To fulfill the real-time requirements better, the discretization parameters of the model including the grid, time step and slice distance have been optimized by error control. In this paper, the error limit of temperature is set to be 3°C, which means it is acceptable when the maximum error (absolute value) between current calculation and the calculation using finer grid division and smaller time step is less than 3°C. Figure 8 presents the comparisons with different grid divisions and time steps.
For the above instance, the finest grid division and the minimum time step are set to be 160×160 and 0.05 s. The relative calculation time is 0.57. It fulfills the real-time requirements.
Slice distance is limited by the sample time for accurate calculation so that any position along the casting direction can be scanned by travelling slices during each sample period: (11) where vcast is the lowest normal casting speed of strand.
When casting speed slows down in abnormal conditions, Eq. (11) may not be satisfied, however, the model still works for the surface temperatures of those positions not scanned can still be obtained by interpolation. The interpolation method for midface temperatures at the end of zones is presented in Fig. 9 .
The earlier program is just designed for one single strand. But in the caster there are several strands, so the multithreading technology is adopted in the later program, in which the calculation for each strand is managed by a sub- thread. These threads are executed in parallel when the program running on a multi-core computer; the program is as fast as the earlier one.
Application of the Model for Dynamic Control of Billets

Model Calibration
The model has been installed in several billet casters. The subsequent results were obtained at the billet caster of Shanming steel plant. For a specific caster, the machine dependent parameters related to the boundary conditions described in the model are crucially important for the reliability of the model.
The caster has four secondary cooling zones, the upward two using water sprays and the other two using air-mist sprays. So there are 6 parameters (plus two in the mold) are to be adjusted. Parameters A and B related to the mold boundary condition, are calibrated by temperature measurements of inflow and outflow of mold water in-plant, using energy balance equation:
...... (12) where a×b is the size of billet, le is the effective mold length, Q is mold water flow, Tin is the inflow temperature of mold water and Tout is the outflow temperature of mold water. The temperatures are obtained in different casting speed, so A, B can be evaluated by least square method.
The four parameters related to boundary conditions of the secondary cooling zones were calibrated by surface temperature measurements, using a thermal infrared imager M9200, as shown in Fig. 10 . The parameters were obtained by minimizing the following objective equation:
........ (13) Figure 10(a) shows one of the thermal images of billet surface, captured at the position 7.6 m below the meniscus and Fig. 10(b) shows the dealing method with the envelope curve, to reduce the influence of intermittent scales and obtain the billet surface temperature. Figure 10(c) shows the comparison between measurements and calculations before and after calibration. In the calculation before calibration, the parameters are derived from literatures. 16, 18) The parameters are not reliable when transfer them from one caster to another, for the spray conditions are quite different, so calibration is a must before online application. The casting steel grade is 65# and the casting speed is 1.75 m/min. Figure 11 presents the performance of the calibrated model for online thermal tracking. The difference between the measurements and calculations is within ±13°C. The measured point is at 13.5 m below the meniscus, out of the secondary cooling chamber.
Application of the Model for Dynamic Control of
Secondary Cooling After the calibration, the online model has been applied to the dynamic control of secondary cooling. The water flows of secondary cooling zones were precisely controlled by the feedforward-feedback strategy, [19] [20] [21] [22] [23] presented in Eq. (14): ... (14) where Qi is the water flow of secondary cooling zone i, ΔTc is the superheat and ΔTstd is the standard superheat, ve is the effective casting speed, and parameters ki's, ai's, bi's and ci's are optimized by off-line simulation using the same model with only one slice in the strand. The last item of Eq. (14) represents the feedback control of surface temperature, using anti-saturation PI controllers, in which the feedback surface temperatures are obtained by the online model. Figure 12 shows the performance of the dynamic control described by Eq. (14), comparing with the traditional static control strategy. The dynamic control of secondary cooling greatly reduced the fluctuation of midface temperature at the end of secondary cooling zones with the changing casting conditions.
Application of the Model for Dynamic Control of FEMS Current
The model has also been applied to the dynamic control of electric current of FEMS. To control the induced rotational flow speed of steel in the mushy zone, the FEMS current has been set as a function of mushy zone radius at the installation position of FEMS. The model calculated the shellthickness profile and gave the radius of mushy zone at the installation position of FEMS. The calculations of shellthicknesses were validated by nail-shooting and sulfur prints, 24) as shown in Figs. 13 and 14 . The relative error for shell-thickness calculations is less than 2.3%. The measured position is at 9.7 m below meniscus. Figure 15 presents the tuning of FEMS current with the changing casting conditions. The radius of mushy zone is influenced by the casting speed and superheat. As the radius of mushy zone is increasing, the flow in the mushy zone accelerates; to keep the flow speed in the mushy zone stable, the FEMS current is supposed to decrease accordingly. 25) In this paper, the FEMS current has been set to be proportional to the reciprocal of mushy zone radius, as show in Fig.  15(b) . Figure 16 presents the macrographs before and after applying the model-based dynamic control systems. The temperatures of secondary cooling zones and the flow speed in the mushy zone were controlled, reducing the fluctuation of solidification conditions for each slice. The defects of macro-segregation, porosity and shrinkage cavity have been greatly reduced. Due to the great improvement of billet quality, the fractures of rolling lines during wire-drawing have been reduce to 1/6 times per month in average from 2-3 times before.
Summary and Conclusions
In this paper, a real-time two-dimensional heat transfer model has been developed. The numerical algorithm is based on variable non-uniform grid and variable time step, and is efficiently solved by FVM-ADI. The model can be used for the dynamic control of secondary cooling and the dynamic control of FEMS current. The following conclusions can be drawn from the present study:
(1) FVM-ADI is much faster than FEM and is much more stable than the explicit algorithm, so it is more proper to be the numerical solution algorithm for real-time model, considering the capacity of process computer;
(2) Variable non-uniform grid and variable time step can accelerate the calculation of heat transfer model by 20-40 times, compared with fixed uniform grid and fixed time step; (3) Based on the above algorithm and according to the optimization of discretization parameters, the real-time requirements concerning both efficiency and accuracy can be fulfilled. With multithreading programming, the realtime for multi-strands can also be fulfilled; (4) The real-time model has been calibrated and its online performance has been tested. The test results shown that the calculated surface temperatures is within ±13°C of the measurements with changing casting conditions. And the relative error of calculated shell-thicknesses is less than 2.3%; (5) By precisely controlling the surface temperatures in secondary cooling zones and the flow in the mushy zone, the model-based dynamic control systems can greatly reduce the defects of billets and reduce the risk of fractures of rolling line during wire-drawing.
